Abstract-The most common mechanical measure of the heart integrates ventricular strain between end-diastole and end-systole in order to provide a measure of contraction. Here an approach is described for estimating a correlate to local passive mechanical properties. Passive strain is measured by estimating ventricular strain during atrial systole. During atrial systole the atria contract causing passive stretching in the ventricles from increased volume. This modification to traditional cardiac strain is here termed atrial kick induced strain (AKIS) imaging. AKIS imaging was evaluated in a canine ablation model of chronic infarct and a canine true chronic infarct model. AKIS images of ablation lesions were compared against acoustic radiation force impulse (ARFI) images and tissue blanching, and true chronic infarct AKIS images were compared against delayed enhanced-contrast magnetic resonance. AKIS images were made with 2-D and 3-D ultrasound data. In both studies, AKIS images and the comparison images show good qualitative agreement and good contrast and contrast-to-noise ratio.
INTRODUCTION
Echocardiography is ubiquitous in cardiac diagnostics and as a result, advances in ultrasound have the possibility to rapidly infiltrate clinical practice and quickly affect clinical decisions and subsequent outcomes. The best, recent example of this is the rapid adoption of tissue harmonic imaging. Another class of advanced methods in echocardiography with similar significant potential is mechanical measures and images of the heart. Mechanical measures of the heart can reasonably be divided into two categories based on whether the measure estimates functional or structural properties. These properties are correlated, but the correlation is not total so different information is expressed by the estimates of cardiac structural properties versus the quantification of functional dynamics. Cardiac dynamics are most commonly measured using strain (Urheim et al., 2000) or strain-rate (Heimdal et al., 1998) methods, but other functional methods showing promise include electromechanical wave imaging (Provost et al., 2010) . Quantification of cardiac dynamics through strain or strain-rate approaches is the mechanical measure closest to clinical adoption. However, these methods remain in the research sphere and are not yet generally recommended (Mor-Avi et al., 2011; Pellikka et al., 2007) . Additionally, the useful diagnostic role of strain and strain-rate metrics have been questioned directly and indirectly because of lackluster results emerging from large clinical trials (Bonow et al., 2011; Cleland et al., 2011; Chung et al., 2008; Tanaka et al., 2010) . In one casethe surgical treatment for ischemic heart failure (STICH) trial studying revascularization-the utility of any kind of imaging to guide the decision to revascularize the heart is called into question (Bonow et al., 2011; Velazquez, 2012) , although specifically this trial only employs qualitative assessments of wall motion (Oh et al., 2012) . In general, the lack of compelling empirical indicators delay widespread clinical adoption of functional cardiac metrics and images and do not allow for a definitive connection between well-characterized functional physiologic parameters of the heart and improved patient outcomes. The reason for the disconnect remains unclear, but may be because of inadequate algorithms, poor training, or a lack of useful connection between current (or any) mechanical measures and clinical outcomes. All three possibilities have been hypothesized in the literature including the lack of connection between mechanical measures and clinical outcomes (Velazquez, 2012) . Active mechanical measures are still pursued, probably, because conventional wisdom continues to advocate their utility.
The second category of mechanical measures attempt to estimate structural (or mechanical) properties. The following techniques are less mature in their application to the heart compared to strain or strainrate imaging, but the methods have been studied extensively in other biological systems and show promise for cardiac applications in small studies on animals and humans. The methods include physiologically induced transverse wave propagation (Kanai, 2005) , a variety of acoustically induced transverse wave propagation methods Pislaru et al., 2009) and acoustically induced displacement methods (Hsu et al., 2007) (These methods are often converted to estimates of functional physiologic properties by considering the ratio between active and passive cardiac phases). In addition to structural stiffness, transverse wave propagation methods can be used to estimate anisotropic cardiac structure (Couade et al., 2011) . Besides Kanai's method, the algorithms that image material parameters have only been demonstrated in vivo as part of clinically invasive protocols. We propose a modification to cardiac strain for obtaining mechanical information of the heart transthoracically.
Our approach uses the stretch induced in the ventricles from atrial contraction to form images correlated to the relaxed mechanical properties of the heart. In order to distinguish the mechanical properties measured in this modification to properties measured by typical strain methods the proposed approach is referred to as atrial kick induced strain (AKIS) imaging.
Others have recently quantified the strain induced in the ventricles during atrial contraction. Williams et al. (2005) studied strain during active filling as a possible correlate to regional exercise induced ischemia (Williams et al., 2005) . Zwanenburg et al. (2005) studied the effect of AKIS on the timing and amount of ventricular contraction (Zwanenburg et al., 2005) . Jasaityte et al. (2013) demonstrated that the stretch during atrial contraction combined with systolic strain correlates well to the inotropic state of the left ventricle (Jasaityte et al., 2013) . Here, we demonstrate the possibility of using AKIS as a mechanism for non-invasively visualizing passive mechanical stiffness variations in tissue. AKIS images can be made using strain style algorithms readily implemented on data acquired using transthoracic echocardiography. As a demonstration of the approach, we show that images of instantaneous ventricular strain during atrial systole, which correlates to mechanical stiffness, can differentiate healthy myocardium from chronic infarct or ablated tissue.
MATERIALS AND METHODS

Overview
Atrial kick induced strain imaging creates contrast in the ventricles using atrial contraction. Atrial contraction results in an additional bolus of blood injected into the ventricles by the atria during the period of atrial systole, which usually accounts for 10% of the blood volume but can account for up to 40% at high heart rates (Klabunde, 2004) . The small, but rapid increase in volume introduces a slight stretching of the ventricle to accommodate the extra fluid. The contrast in this new method comes from differences in diastolic stiffness (or compliance) of the heart. It is hypothesized that in regions where the organ is stiffer, such as infarcted tissue, the straininstantaneous or accumulated-induced from the rapid volume change is less than in regions where viable myocardial tissue is present regardless of its functional behavior. For the initial realization of the algorithm, images are made based on the instantaneous strain between two frames 20 ms after the peak of the electrocardiogram's p-wave. This modification stands in contrast to traditional cardiac strain, which focuses on the cumulative strain during the entirety of ventricular systole.
Two experiments were conducted to demonstrate AKIS imaging. First, a study was conducted to visualize ablation lesions in open-chested dogs (N 5 3) with 2-D and 3-D realizations of AKIS images compared against 2-D acoustic radiation force impulse (ARFI) imaging and tissue blanching. 2-D ARFI images of ablation have been previously validated against histology, and tissue blanching is a known result of ablation that can be used to assess whether ablations where transmural during an open-chest preparation. These methods will serve as a gold standard to assess ablation lesion location and size (Chik et al., 2012; Eyerly et al., 2010) . When possible the ablation lesions were formed from the right ventricle chamber in order to better model the development of infarcted tissue. Ablation lesions have been used previously as a model for myocardial infarct in rats (Antonio et al., 2009) .
The second study aimed to visualize chronic myocardial infarcts in a transthoracic canine model (N 5 3) using AKIS images formed from 3-D ultrasound data. The gold standard for myocardial infarct visualization is delayed enhanced-contrast magnetic resonance (de-CMR) (Kim et al., 1999; Pennell et al., 2004; Simonetti et al., 2001 ), which will be used as the point of comparison for the AKIS images.
All studies were conducted in compliance with the Duke Institutional Animal Care & Use Committee.
Motion estimation
The cardiac motion is estimated using Bayesian speckle tracking (Byram et al., 2013a (Byram et al., , 2013b 
! Þ for the Bayesian algorithm has been described by Byram et al. (2013a) and is
where r m !ðt0 ! Þ is the N-dimensional normalized crosscorrelation function between signals s 1 ð x ! Þ and s 2 ð x ! Þ, and the a term is a scaling factor determined empirically from the kernel size (Byram et al., 2013a) . The prior probability, p m !ðt0 ! Þ for the Bayesian implementation described here is a Gaussian distribution with a constant variance. The fixed Gaussian prior is a pragmatic assumption for computational efficiency, but it has been previously demonstrated that only small amounts of additional information provided by Gaussian distributed prior probabilities can result in displacement estimates surpassing traditional limits described by the Cramer-Rao bound (Byram et al., 2012) . The means for the prior distributions are dynamic, determined by adjacent estimates. Specifically, the information is propagated in a manner similar to the method described by Chen et al. (2009 Chen et al. ( , 2010 . Initially, at least five seed positions are manually selected to be evenly distributed throughout the ventricle (volume data set seed positions are only placed in the central elevational slice). At the seed positions, the displacement is estimated using a large kernel, a large search region, and a non-informative prior distribution (a uniform probability density). The displacements of the large seed kernels are then used to estimate displacements with a smaller kernel at the same positions. The prior for the small kernel estimate is a Gaussian distribution with fixed variance and mean equal to the large kernel displacement. Prior probabilities are propagated from the initial seed locations based on estimation quality-quantified by the maximum normalized cross-correlation value of previous estimates. Displacement prior probabilities are propagated until all displacements are estimated.
The final displacements are estimated from the posterior distribution using the maximum a posteriori estimator, which is
which was further refined using parabolic subsample estimation (C espedes et al., 1995) . Although only axial displacements will be used to calculate the final instantaneous strain results, displacements are estimated in all the available dimensions to decrease the Cramer-Rao bound and to decrease decorrelation from motion in lateral and elevational dimensions (Walker and Trahey, 1994) .
Strain estimation and image formation
Cardiac strain estimation is a particular challenge compared to strain estimation in other static elastography problems. In most static elastography problems, tissue displacement is induced along the axial axis of the transducer so images of axial strain often create sufficient proxies for tissue stiffness. In contrast, relevant cardiac displacements occur in all directions regardless of whether the motion is active or passive, which means that important motion components are imposed on the point spread function's lateral and elevational dimensions. Displacements along these dimensions of the ultrasound beam have significantly higher displacement estimation jitter (or noise power) than in the axial dimension. Lubinski et al. (1996) demonstrated that noise power in the lateral and elevational dimensions is 40ðf =#Þ 2 times higher than in the axial dimension (Lubinski et al., 1996) . The anisotropy of the noise power may be tolerable in shallow low f =# imaging scenarios but becomes problematic for echocardiography, where in a realistic f =5 image configuration the noise power in the lateral and elevational displacements will be 1000 times greater. Additionally, the strain estimation process amplifies the noise increasing the importance of using only the best motion estimates (Varghese and
Ophir, 1997). One solution to this problem is to use an apical view of the left ventricle. Using this view, the longitudinal axis of the left ventricle aligns well with the axial dimension of the acoustic coordinate system allowing for low noise estimates of cardiac longitudinal strain. Although longitudinal strain is the simplest to estimate, there is interest in measures of circumferential and radial strain and in estimates of cardiac strain from other views.
Other imaging views of the heart can be used, but the meaning of purely axial displacements and strains becomes location specific, complicating interpretation. The solution is to use the full 2-D or 3-D displacement vector to convert displacements from the ultrasound coordinate system into the cardiac coordinate system (Zervantonakis et al., 2007) ; however, this approach does not avoid the challenge of poor displacement estimates in azimuthal dimensions.
Another possible approach to the challenge of estimating cardiac strains is to consider an angle invariant strain metric. The concept of an angle invariant strain metric resembles the concept of tensor invariants, which are constant regardless of coordinate system and are often exploited in mechanics. In the case here, our angle invariant metric is not a general tensor property and is much more limited, but still very useful, for the purpose of displaying the instantaneous strain during atrial kick. Additionally, for the case of cardiac strain, the angle invariant metric would ideally depend only on axial displacement derived strains. Here, we demonstrate an angle invariant strain metric, and then we show an ad hoc modification so that the strain metric only depends on axial displacements. The angle invariant strain metric can be derived by first considering the rotation of the strain tensor from the cardiac coordinate system into a Cartesian coordinate system, 2 4 S xx S xy S xz S yx S yy S yz S zx S zy S zz 
where R, q and Z are respectively the radial, circumferential and longitudinal dimensions of the cardiac coordinate system, and x, y and z are the local Cartesian coordinate system serving as an effective simplification of the acoustic coordinate system, where x, y and z correspond to the axial, lateral and elevational axis. This description of the acoustic coordinate system differs from most conventions, but does not create any fundamental changes. The appropriateness of this transformation depends on how well the transducer is aligned in a true short-axis view, although other probe alignments and subsequent transformations produce the same result. Additionally, we make several simplifying assumptions. First, we assume that sufficiently far from the apex, the ventricle can be approximately modeled as a thick cylinder, and second we assume that the heart is linearly elastic and isotropic. Of course, these are gross simplifications, but the assumptions allow us to conceptualize a simple description of the cardiac response to the atrial kick. Under these assumptions the circumferential and radial strains are
and
where r i and r o are the inner and outer radius of the ventricle, R is the radial location within the heart, p i is the pressure on the endocardial surface from the blood, and E and n are the mechanical properties Young's modulus and Poisson's ratio, respectively. Under these assumptions and assuming tissue incompressibility, it can be shown that the quantity
is angle invariant, proportional to the filling pressure and inversely proportional to the tissue's stiffness, however, there is a dependency on radial position, which will be less than a factor of two in human hearts. Unfortunately, one needs displacements along all three axes to calculate jS x j because the shear strain is defined as
To avoid this, terms in eqn (8) are ignored if they require azimuthal displacements so that only axial displacements are used. Based on this modification the strain metric used to form AKIS images is
Strain metric components are estimated from the displacement estimates using a least squares fit of displacements to a line (or plane), with the various slopes representing strain estimates (Kallel and Ophir, 1997) .
Image masking
Before making the final instantaneous strain and ARFI images the non-myocardial portions of the images were masked. When possible the images were masked automatically using a modified version of the algorithm described by Nillesen et al. (2007) . First, the k-means clustering algorithm was used with three intensity bins, and the middle intensity bin was used for the initial mask. Second, the localized deformable contour algorithm proposed by Lankton and Tannenbaum (2008) is used instead of a global contour. Any significant error in the masking was corrected by hand so the automatic segmentation should not significantly affect the results.
ARFI image formation
ARFI images are formed using an approach consistent with the methods previously validated against histology (Eyerly et al., 2010) with two small deviations to reflect the increased sophistication of ARFI imaging. First, a better autocorrelation method for displacement estimation is used (Loupas et al., 1995) , and second, a better motion filter using an extrapolative fit of only displacement estimates of the physiologic motion measured before the ARFI push is used (Giannantonio et al., 2011) . One additional modification to the method was to use the first displacement estimate after the ARFI pushing pulse to create ARFI images. This has the benefit of not magnifying the size of the lesion at the cost of decreasing the ARFI contrast (Nightingale et al., 2006) .
Open-chested experimental validation
The open-chested validation study was performed on three canine subjects. The subjects underwent an open-chest preparation. For these dogs, ablation lesions (radiofrequency [RF] ablations or cryoablations) were made in the right ventricle and used as a model for myocardial infarct. When possible the ablation lesions originated on the endocardial layer to mimic the expected pattern of infarct growth. (In one case, the RF ablation was not placed on the endocardium because it was not feasible for the specific experimental situation. The RF-ablation lesion originated from the epicardial wall of the heart.) RF-ablation lesions were made using a Stockert 70 Generator and a NaviStar mapping/ablation catheter (Biosense Webster, Inc., Diamond Bar, CA, USA). For the canine subject with the epicardial ablation lesion the ablation catheter was an 8 French SteeroCath (Boston Scientific, Natick, MA, USA) connected to a Model 8002 RFA generator (Cardiac Pathways, Sunnyvale, CA, USA).
In one of the canine subjects, cryoablation lesions were also formed and imaged. The cryoablation lesions were formed only on the epicardial layer because a cryoablation catheter was not available. The cryoablation lesions were made using a Brymill Cry-Ac Tracker with a 3-mm Mini Probe (Brymill Cryogenic Systems, Ellington, CT, USA). A diagram of the experimental setup is shown in Figure 1 .
For this study, the canines were imaged using 2-D and 3-D ultrasound. The 2-D data were acquired using a SONOLINE Antares ultrasound system and VF10-5 linear array transducer (Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA). The 2-D data were acquired with the transducer fixed to the heart surface using a vacuum coupling device described previously by Hsu et al. (2009) that minimizes lateral and elevational motion. The 2-D data for strain imaging were acquired in conjunction with a sequence of ARFI images. The data set consisted of 14 ARFI image frames at 10 Hz followed by 200 B-Mode frames at 134 Hz. For one data set-the data set with the ablation lesion originating from the epicardial surface of the heart-the ARFI images were acquired at 14 Hz and the B-Mode data were acquired at 168 Hz, and the VF7-3 transducer was used. Fig. 1 . An example of the relative orientation of the transducer, the vacuum coupling device, the RF-ablation catheter and the lesion are shown. The transducer was placed so that the ablation lesion was within the field of view and good suction could be achieved with the vacuum coupling device. Generally, the position of the transducer did not align with traditional cardiac views. In this configuration data were acquired only to a short depth and usually only the septal portion of the left ventricle was acquired.
The data were acquired at baseband with 4-to-1 parallel receive beamforming and acquisition. The 3-D data were acquired using a Siemens Acuson SC2000 imaging system and a 4 Z1 C matrix array transducer (Siemens Healthcare Sector). The data were acquired in a 30-to-1 parallel receive beam configuration at baseband (Byram et al., 2010) . The 3-D open-chested data were acquired at volume rates between 103-127 Hz based on experimental imaging constraints. Because the data were acquired on an open-chested canine, a water path was introduced between the transducer and the heart. The water path functioned as a standoff to position the transducer about 8 cm (the focal depth) above the heart.
The 2-D and 3-D ultrasound data used to create the instantaneous strain images were re-modulated and turned into RF data and then used to estimate cardiac motion in the manner described. The experimental parameters for the 2-D processing are shown in Table 1 , and the experimental parameters for the 3-D processing are shown in Table 2 .
Contrast and contrast-to-noise ratio (CNR) image metrics are calculated on the AKIS images of the ablation lesions. The image metrics are calculated on unmodified AKIS images (i.e., the data has not been thresholded). Contrast is calculated using C 5 m background 2m lesion m background . The CNR is calculated using CNR 5 jmbackground2mlesionj ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 
Chronic infarct experimental validation
The second study consisted of three dogs with chronic infarcts. The ligation preparation for each dog was performed more than a year before the time of ultrasonic imaging allowing sufficient time for the infarcts to become chronic. At the time of the ultrasound data acquisition, the dogs weighed 22.7, 27.9 and 30.3 kg. The canines were imaged with the Siemens Acuson SC2000 (Siemens Healthcare Sector). The data were acquired at volume rates between 160-240 Hz based on experimental constraints. In order to obtain volumes at such high rates the lateral and elevational fields of view as well as the imaging depth were reduced to produce the fastest volume rate possible for a given dog. The fields of view in the lateral and elevational dimensions were between 60 -80 and 10 -15 , respectively, based on the experimental specifics of each canine subject.
The canine subjects were lightly sedated before the ultrasound image sequences were acquired. Two canine subjects were given IV Diazepam (.2 mg/kg) and Butorphanol (.1 mg/kg), while the remaining canine subject was given IV Midazolam (.2 mg/kg) and Butorphanol (.2 mg/kg); all doses were at the discretion of the attending veterinarian. The canines were unconstrained during the procedure and allowed to roam freely between acquisitions.
The de-CMR images were acquired for each canine subject before the ultrasonics exams. Before MR data acquisition, the canines were anesthetized with sodium pentobarbital and then intubated. During the MR sequence, the canines were under anesthesia with isoflurane.
The volumetric data were remodulated before processing. The experimental parameters are shown in Table 2 . Image metrics were not calculated on the AKIS images of chronic infarct because the infarct structure and boundaries can be complex.
RESULTS
Demonstration of the strain metric
First, before results are presented for the ablation and chronic infarct experiments, we demonstrate the utility of the instantaneous strain metric in a healthy shortaxis image view of a canine. Figure 2 shows strain images created from each component of eqn (9) and an image of the full instantaneous strain magnitude. The figure shows that each component by itself maintains angular variations in strain, but when the magnitudes combine, they produce a uniform result. Additionally, the example shows that even though shear strains are not used to calculate the strain magnitude metric, the metric becomes less angle dependent.
Open-chested ablation visualization
The first ablation image examples are shown in Figure 3 . Images are shown for 2-D ARFI and 2-D and 3-D AKIS. In this data set, the lesion originated on the endocardial surface of the heart and was transmural. The ARFI image by itself does not indicate a transmural ablation probably because of field of view limitations imposed by the ARFI push beam; however, tissue blanching was observed on the epicardial surface of the heart. The 2-D instantaneous strain data shows a lesion that is convincingly transmural. The first of the lower pair of images is the pre-ablation B-Mode and overlayed strain Figure 2d . The example shows the axial strain magnitude in a healthy short-axis view of a canine. The complete strain magnitude using all three dimensions has reduced angular dependency even without using the full shear strain. Figure 3a , shows an ablation with poor definition in the axial dimension probably owing to a short depth of field. The 2-D AKIS image, Figure 3b , shows a low strain zone in the same position and of similar morphology as the ARFI lesion. An AKIS image created from volumetric data pre-ablation is shown along with an image after the ablation in Figure 3c and d, respectively. The AKIS images show a lesion of nearly the same size between 2-D and 3-D cases and suggest the observed transmurality better than the ARFI image. Fig. 4 . A small stiff lesion formed using RF-ablation is shown. The figures shows ARFI (Fig. 4a ) and 2-D (Fig. 4b ) and 3-D (Figs. 4c,d ) strain images. In all images, there is evidence of a lesion. There is high correlation between the ARFI image and the 2-D AKIS image. The lesion is difficult to see in the strain image derived from 3-D B-Mode, but there is a noticeable difference in the strain at the tip of the ablation catheter before and after the ablation occurred.
image. The image generally shows homogeneous strain (when saturated to the level used for the ablated case). The ablation catheter is visible in the image. The second 3-D AKIS image shows post-ablation myocardium. The ablation is clearly transmural. This image appears to be the same size as the lesion visualized using 2-D strain. The 3-D AKIS image shows worse contrast compared to the 2-D AKIS image created with a fixed transducer. The second example RF-ablation visualization case is shown in Figure 4 . The lesion for this case was small and could be manually palpated, but there was no visible evidence of an ablation lesion when viewing the epicardial surface of the heart. The ARFI and 2-D AKIS images for this set show generally well defined but small lesions. Although the lesion was not observably transmural, both the ARFI and instantaneous strain images show a lesion that spans the full thickness of the wall. The 3-D volumes were also used to create AKIS images. For the 3-D case, the lesion is hard to see except in the context that the lesion occurred at the end of the ablation catheter. In the pre-ablation data, the tissue at the tip of the ablation catheter has high strain while in the post-ablation image the strain magnitude is low at the tip of the ablation catheter. This set of images likely provides an approximate lower bound on visualizable lesion size for the 3-D imaging parameters used here.
In Figure 5 , results from imaging a cryoablation are shown. (This particular data set is useful because the cryoablation is visible as a swelling in the myocardial wall, which makes it easy to register between the 2-D and 3-D B-Mode images.) This figure shows both ARFI and 2-D and 3-D AKIS images that clearly demarcate the lesion. The ARFI and 2-D AKIS images show some subtle differences in the boundary at the bottom of the lesion, but otherwise match closely. The AKIS image derived from 3-D ultrasound data also shows differences along the boundary, but the size and location match well.
Image metrics for all the lesions used in the study are shown in Table 3 . Contrast and CNR are shown for the 2-D and 3-D cases. The initial trend appears to be that the 2-D imaging scenario has better contrast relative to 3-D data derived AKIS images. The CNR numbers appear comparable between 2-D and 3-D. There is one data set (dog #3) in Table 3 with poor 2-D metrics. This data set is the same one used in Figure 3 , which also made a poor 2-D ARFI image. There may be something about this particular study that results in poor 2-D images. For dog #1, shown in Table 3 , a volumetric data set was not available.
Image metrics are also displayed through time for the 2-D data sets in Figure 6 . The figure shows the metrics from individual frames as well as accumulated frames for the period during atrial contraction as well as the traditional period during ventricular systole. This figure also shows that there is not a strong peak for optimal AKIS 
Chronic infarct visualization
Results are now shown for the second experimental study. This study aimed to visualize chronic infarcts using instantaneous strain derived from raw 3-D B-Mode ultrasound. The study examined three different dogs and compared the ultrasound strain images against de-CMR images. Two of the canine subjects resulted in AKIS images that correlated well with the de-CMR images, but the third subject had B-Mode image quality that was too poor in every case to sufficiently distinguish the heart wall.
The first data set is shown in Figure 7 . This figure shows data from two acquisitions of the first canine subject. Several matched de-CMR images are also shown because the infarct for this dog was large and changed significantly from the base to the apex. The selected de-CMR slices were chosen based on qualitative similarities of the left ventricle's shape and dimensions in the BMode image. The de-CMR image displays infarcted tissue as bright pixels and viable myocardium as dark pixels. In the de-CMR images, the chambers also show up as bright pixels. In the MR image, the infarct is in the lateral wall (i.e., the right side of the left ventricle away from the septum). The AKIS images show regions of low strain in the same location. The AKIS images may also show internal structure in the region of infarct that matches well with structure on the de-CMR images.
Results from the second dog are shown in Figure 8 . These results show a B-Mode image, an AKIS image derived from 3-D ultrasound data and a de-CMR image. The data show general agreement with the position of the low strain regions of the AKIS image and the regions of infarct in the MR image. In the AKIS image, the low strain region appears to extend through the cardiac wall in some spots, which is not observed in the de-CMR images. This is likely because the full thickness of the cardiac wall is not captured due to the shallow position of the heart and the reduced lateral field of view. The field of view is decreased further when calculating the displacement and strain estimates. (This is not a problem when the heart is positioned deeper as in most clinical examinations.) In this case, only a single de-CMR slice is shown because the infarct is less dynamic across the relevant slices.
DISCUSSION
Both ablation lesions and chronic infarcts were reasonably visualized in a feasibility study investigating the imaging potential of atrial contraction induced strain in the ventricles. The results were best when images were made with 1-D linear array transducers vacuum coupled to the cardiac surface. The results from volumetric ultrasound data also visualized the ablated and infarcted tissue, but there was typically more noise present in the form of small low-strain regions where infarcted or ablated tissue was not known to be present.
While the results show the potential of AKIS as a mechanism for differentiating tissue stiffness and directly visualizing chronic myocardial infarct, there are clinically relevant scenarios when this approach would be contraindicated. Most significantly, hearts in atrial fibrillation could not be visualized in the proposed manner, and to a lesser extent, high heart rates may confound AKIS imaging. Additionally, the natural spatial (Fig. 7a) . This canine had a large infarct that changed significantly with depth. Several de-CMR slices are shown for a more fair comparison. The de-CMR images map the infarct to bright pixels and darker pixels to healthy myocardial tissue. The AKIS images show low strain regions in the same area as the de-CMR images. In some cases, the internal structure matches well between the de-CMR images and the AKIS images.
variability of the physiologically induced strain as reported by Zwanenburg et al. (2005) may also provide a limit on passive strain differentiation. It may be tempting to infer from Figure 6 that AKIS images are higher quality in regard to contrast and CNR than traditional cardiac strain images. First, the purpose of AKIS imaging is not to make better images but rather to image different mechanical properties. Second, the initial study is small enough that this is still an open question and suggests at least three possible explanations. First, the process of accumulating strain along with estimation jitter acts as a low-pass filter to spatially smear the regional strain. In contrast, the AKIS results are formed from only two volumes without accumulation. Second, the displacement estimation scheme may be more optimized for displacements that occur during atrial contraction compared to displacements during ventricular systole. A third related hypothesis is that the volume rate used in this study may be more appropriate for estimating relaxed ventricular motion rather than active ventricular motion. All of these hypotheses are testable and immediately suggest future directions for a more thorough comparison.
Relative to the chronic infarcts studied here, infarcts can be significantly more complicated. Chronic infarcts may not stiffen, and lack of stiffening results in serious complications. Additionally, the period after an ischemic event may contain tissue that is edemic, infarcted, stunned and healthy. It is not clear whether these tissue states can be distinguished when they are all present simultaneously using AKIS. One possible solution is to combine the information from traditional functional myocardial strain with the new information from structural myocardial strain for more specific tissue identification.
Broadly, the purpose of AKIS is to provide a correlate to structural cardiac properties, but the specific results used to demonstrate the ability to estimate mechanical stiffness immediately suggests two clinical applications. First, as already discussed, the current gold standard for cardiac infarct visualization is de-CMR, unfortunately as a modality MR is expensive and slow. Additionally, cardiac MR has traditionally struggled with widespread clinical availability (Earls et al., 2002 ). An ultrasonic solution for direct (rather than inferred) infarct visualization (such as AKIS imaging) could result in less expensive and more accessible and rapid assessment of myocardial infarction. Second, the ablation lesion scenario was used as a model for infarct visualization. However, it seems clear that ablation lesion visualization is another possible application for AKIS imaging. AKIS imaging cannot be directly applied in the atria, but a similar strategy could be adopted to analyze the atria during their late reservoir phase when they are stretched. AKIS imaging should be directly Figure 8a . The results shown in this figure show agreement in the position of the low-strain region in the strain image and the infarct region in the de-CMR image, but there is a discrepancy between the sizes of these zones. Some of this discrepancy may be due to masking part of the myocardium.
applicable to the growing number of catheter based ablation procedures being performed in the ventricles (Wissner et al., 2012) . Finally, the proposed method of using the atrial contraction as a method of inducing displacement gradients in the ventricles has been implemented using ultrasound, but any method that can measure displacements with sufficient accuracy could take advantage of the stretch induced in the ventricles by atrial contraction.
CONCLUSIONS
Basic feasibility of AKIS imaging for visualizing ablation lesions and chronic infarcts has been shown in an open-chested dog model for ablation lesions and in a transthoracic dog model for chronic infarcts. There is sufficient evidence for the approach to warrant additional studies going forward, particular in humans.
